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The exposure of students to traffic-emitted carbon monoxide (CO) in their daily walk to school is evaluated, with a particular
emphasis on the effect of trees and route choice.The study is focused on the city centre of Aveiro, in central Portugal. Time evolution
of the georeferenced location of an individual is tracked with a GPS for different alternative walking routes to a school. Spatial
distribution of CO concentration is simulated with a computational fluid dynamics (CFD)model. An exposure model is developed
that associates the georeferenced location of the student with the computed air quality levels (at an average breathing height) for that
specific grid cell. For each individual, the model calculates the instantaneous exposure at each time frame and the mean value for
a given period. Results show a general benefit induced by the trees over the mean exposure of the student in each route. However,
in the case of instantaneous exposure values, this is not consistent along the entire period. Also, the variability of the estimated
exposure values indicates the potential error that can be committed when using a single value of air quality as a surrogate of air
pollution exposure.
1. Introduction
According to the United Nations Environment Programme
(UNEP) information in 2009 [1], at least 1 billion people are
exposed to outdoor air pollution that exceeds the air quality
standards of theWorldHealthOrganization (WHO). Poor air
quality in urban areas, mainly associated with the transporta-
tion sector, has been directly linked to almost 0.8 million
premature deaths annually, especially in sensitive groups as
children [1].
In urban areas, motor vehicles are a significant source of
air pollution, and, despite the achieved technological progress
in reducing motor emissions, there is a continuous growth in
the world’s motor-vehicle fleet and consequently an increase
in the total traffic-related emissions. Motor vehicles emit
large quantities of air pollutants (such as carbon monoxide
(CO), hydrocarbons (HC), nitrogen oxides (NOx), particu-
late matter (PM), benzene, formaldehyde, and acetaldehyde)
that have a negative impact on human health and contribute
to the formation of by-products such as ozone (O
3
) and
secondary aerosols. Noncombustion emissions from these
vehicles should also be taken into account since road dust,
tire, and break wear contain chemical compounds that may
pose risk to human health. Due to the high amount of air
pollutants released by traffic and the difficulty in quantifying
them, taking all into account, it is common to use traffic-
pollutant surrogates such asCO,NO
2
, or benzene in exposure
studies [2].
Since the 1990s numerous studies have demonstrated
the association between air pollutants concentration and the
occurrence of health related problems [3–6]. In particular,
some authors [7–10] have found associations between expo-
sure to traffic and adverse health effects, such as hypertension,
myocardial infarction, stroke, atherosclerosis, heart disease,
and mortality. The majority of the studies on health effects
from traffic exposure mostly rely on associations between
hospital records and data from air quality monitoring sta-
tions, considered as representative of exposure in a large
geographical area. Nevertheless, the health effects of air
pollution are the result of a sequence of events, which include
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Figure 1: Schematic representation of modeling system architecture.
the release of pollutants, their transport and dispersion in
the atmosphere, and their contact and uptake by humans.
These events should be taken into account when performing
a complete and correct assessment of human exposure. For
that, one of the possible approaches is the use of numerical air
quality models, which allow estimating spatial and temporal
distribution of air pollutants [11], together with a microenvi-
ronment approach [12], for exposure estimation.
Although generally associated with environmental ben-
efits, the presence of trees can also cause unwanted and
unexpected outcomes on local air quality. It has been shown
by field campaigns [13], wind-tunnel experiments [14], and
numerical modeling [15, 16] that the complexity of the wind
flow inside a given street-canyon is significantly increased by
the presence of urban vegetation.Themechanisms behind the
action of trees are based on the modification of the number
and arrangement of vortical structures that characterize the
turbulent recirculating flow between buildings, disrupting
the vertical exchange rate of pollutants with the upper
level atmosphere. Nevertheless, to the best of the authors’
knowledge, the effect on the exposure of pedestrians resulting
from perturbed air pollution dispersion induced by urban
trees has not been addressed in the scientific literature.
This paper aims to evaluate the exposure of students to
traffic-emitted CO in their daily walk to school and how it
relates with the effect of trees and route choice.
2. Model Development and Application
2.1. Modeling System Description. With the purpose of evalu-
ating the air pollution exposure of students in their morning
walk to school, a local scale modeling system was used. This
system (see Figure 1) includes two main models, one for sim-
ulating air quality and the other for estimating the individual
exposure with time.
2.1.1. Air Quality Modeling. Local scale air quality modeling
was carried out using the computational fluid dynamics
(CFD) model VADIS [17]. In this model, the 3D wind flow is
simulated by an RANS prognostic model with a standard
𝑘-𝜀 turbulence closure. For the dispersion, VADIS uses a
Lagrangian approach.Thismodel incorporates also the urban
vegetation canopy module, URVE [18], which is intended
for the simulation of the effect of vegetation over the wind
flow and air pollutant dispersion. The main concept behind
URVE involves the extension of the standard mean flow and
turbulence equations, through the inclusion of additional
source terms when coupled to a CFD model, allowing it to
mathematically represent the effect of leaves and branches on
the wind field. Consequently, the dispersion of the emitted
air pollutants is conditioned by the disturbed wind flow, with
effects that depend, most of all, on the characteristics of the
vegetation itself and of the prevailing airflow.The loss of wind
speed due to pressure and viscous drag forces exerted by the
leaves an branches is accounted in themodel as a source term
that is added to themomentum conservation equation, which
is dependent on the leaf area density (LAD) of each individual
tree. Similarly, the turbulent interaction between the airflow
and the plant canopy is addressed by including additional
source terms in the transport equations of the turbulent
kinetic energy and its dissipation. Model validation can be
found in Section 3.1. For more details see Amorim et al. [18].
Road traffic emissions were estimated applying the trans-
port emission model for line sources (TREM) [17], using
detailed data on vehicles counting. Due to the short time
and spatial scales of the analysis, CO can be considered as a
nonreactive chemical species. Also, the CO removal by the
canopywas neglected due to its insignificance (approximately
0.0015% of the CO concentration in ambient air according to
Nowak et al. [19]).
2.1.2. Exposure Modeling. It is important to distinguish
between the concepts of concentration and exposure. While
the first is a physical characteristic of the environment at a
given place and time, the latter quantifies the interaction bet-
ween the polluted atmosphere and the person [20].MEB [21],
the exposuremodel used in this research, was developed with
the objective of providing an estimate of the exposure of an
individual to air pollution and being able to be used in both
outdoor and indoor environments.
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Table 1: General description of the trees in the domain.
Species LAD(m2 ⋅m−3)
Crown height range
(m)
Acer pseudoplatanus
and Quercus robur 1.08 6–10
The MEB core is the calculation of personal exposure
through the following general expression (which is a simpli-
fication from the microenvironment approach of Hertel et al.
[12] since in this case only one microenvironment, outdoors,
exists):
exp
𝑖
= 𝐶
𝑗
× 𝑡
𝑖,𝑗
, (1)
where exp
𝑖
is the total exposure of the person 𝑖 over the
specified period of time;𝐶
𝑗
is the pollutant concentration in a
given location 𝑗; and 𝑡
𝑖
is the time spent by the person 𝑖 in that
specific location. As a result, the exposure value is expressed
in concentration × time (e.g., 𝜇g⋅m−3⋅min) and thus can
be interpreted as the mean pollutant concentration value to
which the individual has been exposed during a given period
of time.
The input data for this model is the following:
(i) the temporal variation of the individual location: this
information was provided by a GPS equipment with a
predefined temporal resolution (as it will be analysed
in the following section);
(ii) the spatial distribution of concentrations at an average
inhalation height for a given period of time.
By matching, in each time-step, the georeferenced posi-
tion of the individual with the corresponding concentration,
the model tracks the time evolution of the exposure.The out-
put data produced by MEB are both instant and mean expo-
sure values.
2.2. Model Application. This research was carried out in
Aveiro, a medium sized town located in central Portugal, and
is focused in the High School of “Jose´ Esteˆva˜o,” including one
of its most important traffic lanes, the “25 de Abril” avenue,
in front of the school.
The study domain has an area of approximately 0.4 ×
0.2 km2. The 3D configuration of the buildings and trees was
virtually created in VADIS and the resulting computational
domain is shown in Figure 2. The dimensions of the compu-
tational domain and the boundary conditions were defined
following the recommendations from COST Action 732 [22]
for the simulation of urban flows withmultiple buildings. For
more details on the air quality simulations see Amorim et al.
[18].
Table 1 summarizes the information collected on trees.
The LAD value was obtained from Lalic and Mihailovic [23].
A field campaign was carried out on May 5, 2004,
which included meteorological measurements at the school
front yard and road traffic counting in the main avenue
(“25 de Abril”) and in four other roads. CO concentrations
were obtained from an “urban traffic” air quality monitoring
Table 2: Walking routes parameters (obtained from GPS tracking):
maximum distance travelled; average walking speed; and the range
of heights above mean sea level.
Route Distance (m) Mean speed (km⋅h−1) Elevation range (m)
A 300 4.4 10–12
B 315 4.9 12–15
C 217 5.8 12–14
D 333 5.0 9–12
N
100m
Figure 2: Computational domain generated by VADIS for the set
of buildings (in grey) and trees (in green). The star indicates the
location of the school.
D
C
B
A
Figure 3: Trackedwalking routes to school for exposure calculation.
station (AQS) of the national Portuguese network [24] that is
located also in the school yard.
Four different walking routes to the school were defined
(see Figure 3) and then tracked with a GPS equipment with a
10-second time resolution.This procedure allowed to account
for realistic walking speeds for each pathway and for the effect
of potential delays caused by, for example, traffic lights in road
traversing.
Table 2 characterizes the different routes according to the
total distance covered by each individual, average walking
speed, and elevation range.
With a mean speed of 5m⋅s−1 (std. dev.: 0.6m⋅s−1) and
a mean distance of 291m (std. dev.: 51m), no significant dif-
ferences exist between the four routes, except for the traffic
volume of each road.
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Figure 4: Comparison of 3m high horizontal CO concentration fields with (a) and without (b) the effect of trees (in green) for the period
between 8 and 9 a.m. The star indicates the location of the school.
In order to evaluate the effects induced by the vegetation
canopy, the modeling system shown in Figure 1 was applied
with the URVE module activated and deactivated. Simula-
tions correspond to the hourly period between 8 and 9 a.m.,
which comprises the start of classes in the morning.
3. Results and Discussion
Results are analysed in the following sections in terms of local
air quality and individual exposure attained on each route.
3.1. Air Quality. In order to validate the modeling results, we
have compared the simulated hourly averaged values of CO
concentration and wind velocity against the observed data
for the period between 5 p.m. on May 4 and 12 p.m. of the
next day. For this entire period, the normalizedmean squared
error (NMSE) obtained was 0.04 and the correlation coeffi-
cient was 0.9. All the statistical metrics calculated fulfill the
model acceptance criteria defined by Chang and Hanna [25]
for air quality model assessment. The modeling uncertainty
was 19%, fulfilling the data air quality objective established
by the Directive 2008/50/CE. We have also concluded that
themodel performance increased when the effect of trees was
taken into account. Additional details on the validation of the
air quality simulations can be found in Amorim et al. [18].
In an inhomogeneous urban canopy the magnitude of
the effect of trees on air quality is mostly determined by
the characteristics of buildings and trees and by the angle
between the prevailing wind and the street-canyons.This het-
erogeneous role of trees leads to specific areas benefiting from
their action over the wind flow and dispersion while others
have their ventilation capacity diminished (thus, promoting
the formation of air pollution hot-spots). These effects are
evident in the CO concentration patterns shown in Figure 4.
Figure 4(a) shows that the CO emitted by traffic in the “25
de Abril” avenue is partially “contained” by the rows of trees
in the sidewalks, causing an air quality improvement at the
school front yard. On the contrary, without the windbreak
action induced by trees the pollutant is more easily dispersed
into the school, as shown in Figure 4(b). It should be noted
that as a consequence of the “barrier effect” shown in Figure
4(a), a clear hot-spot is formed on the left end of the avenue,
highlighting the strong spatial heterogeneity of the impacts of
trees on urban air quality.
3.2. Human Exposure. In Figure 5, the evolution of the CO
exposure is presented for the considered walking routes.
The differences in the magnitude of the exposure shown
in Figure 5 are notorious, revealing that the individuals
approaching the school from north (A and B) are exposed
to much lower levels of CO than the others, which is a direct
consequence from the lower traffic levels in the northern area.
Opposite effects of trees are found in routes C and D.The
inflection points (corresponding to instant 55 s after depar-
ture in C and 115 s in D) correspond to the arrival of child C
at the main avenue and to the moment in which child D, after
entering the avenue, leaves the hot-spot at its left end (shown
in Figure 4(a)). This allows to conclude that the presence of
vegetation has no linear effect on the exposure values. This
result is, in fact, consistent with the conclusion drawn from
the comparative analysis of the air quality fields (in Figure 4),
where no absolute tendency was observed.
As it can be seen from Figure 5, the values of the individ-
ual exposure to CO vary significantly with route and time,
ranging from values close to zero to nearly 260 𝜇g⋅m−3⋅min.
From this fact it can be concluded that even in a small
domain, a significant error can occur if a mean air quality
value is used as a proxy for the exposure of the individuals that
use that space.
A comparison between the different profiles is shown in
the box plot of Figure 6. In all routes the trees promote a
decrease of themean exposure value. Except inD, peak values
are also decreased by the vegetation.
Additionally, Figure 7 shows the variation rate of the
mean exposure that is induced by trees. The results shown in
Figure 7 indicate a consistent decrease in exposure caused by
trees. As can be seen by the comparison with Figure 6, maxi-
mum differences are found for lower exposure levels.
4. Conclusions
As shown by the CFD simulations, the individual exposure of
pedestrians (which is closely linked with the local air quality)
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Figure 5: Time evolution of the individual exposure (𝜇g⋅m−3⋅min) to CO for each of the four considered pathways, with and without the
presence of trees.
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Figure 6: Box plot of the simulated exposure values for each route,
comparing the results obtained with (w) and without (w/o) the
influence of trees.
is strongly dependent on the synergies between the meteo-
rological conditions, the three-dimensional configuration of
the street-canyons, and the presence of vegetation. The effect
of the urban canopy (as a mosaic of buildings and trees)
on the dispersion of air pollutants, and resulting exposure,
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Figure 7: Comparison of the effect of trees on the personal exposure
in each walking route. The variation in exposure was calculated as
follows: [(EXPnotrees − EXPtrees)/EXPtrees] × 100, where EXPnotrees
is the average exposure calculated without the effect of trees and
EXPtrees is the average exposure with the presence of trees.
was shown to be complex and highly spatially dependent.
The variability of the exposure results obtained in this study
indicates the potential error that can be committed when
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a single value of air quality is used as a surrogate of air pollu-
tion exposure. This conclusion is valid for a small domain,
such as the one studied in this work, and it can be easily
concluded that the error may be significantly higher when
larger domains are considered.
The fact that the presence of vegetation may have oppo-
site effects on air quality, and consequently on pedestrian
exposure, clearly indicates that, aiming at the improvement
of public health, exposure studies are worth to be developed
when a planning intervention is envisioned.The simulation of
different planning alternatives, where the position and type of
vegetation are explored in terms of its effect on air quality and
exposure, should be supported by tools, as CFD models, that
allow an enhanced understanding of the symbiosis between
the city morphology and the citizen dynamics. This is a
needed step towards healthier and sustainable future cities.
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